Based on the potential benefits of cis-9, trans-11 conjugated linoleic acid (CLA) for human health, there is a need to develop effective strategies for enhancing milk fat CLA concentrations. Levels of cis-9, trans-11 CLA in milk can be increased by supplements of fish oil (FO) and sunflower oil (SO), but there is considerable variation in the response. Part of this variance may reflect time-dependent ruminal adaptations to high levels of lipid in the diet, which lead to alterations in the formation of specific biohydrogenation intermediates. To test this hypothesis, 16 late lactation Holstein-British Friesian cows were used in a repeated measures randomized block design to examine milk fatty acid composition responses to FO and SO in the diet over a 28-d period. Cows were allocated at random to corn silage-based rations (8 per treatment) containing 0 (control) or 45 g of oil supplement/kg of dry matter consisting (1:2; wt/wt) of FO and SO (FSO), and milk composition was determined on alternate days from d 1. Compared with the control, the FSO diet decreased mean dry matter intake (21.1 vs. 17.9 kg/d), milk fat (47.7 vs. 32.6 g/kg), and protein content (36.1 vs. 33.3 g/kg), but had no effect on milk yield (27.1 vs. 26.4 kg/ d). Reductions in milk fat content relative to the FSO diet were associated with increases in milk trans-10 18:1, trans-10, cis-12 CLA, and trans-9, cis-11 CLA concentrations (r 2 = 0.74, 0.57, and 0.80, respectively). Compared with the control, the FSO diet reduced milk 4:0 to 18:0 and cis 18:1 content and increased trans 18:1, trans 18:2, cis-9, trans-11 CLA, 20:5 n-3, and 22:6 n-3 concentrations. The FSO diet caused a rapid elevation in milk cis-9, trans-11 CLA content, reaching a
INTRODUCTION
Conjugated linoleic acid (CLA) is a generic term used to describe single or mixtures of positional and geometric isomers of 18:2 fatty acids containing a conjugated double bond. Supplements of cis-9, trans-11 CLA have been reported to inhibit the growth of a number of human cancer cell lines and suppress chemically induced tumor development in animal models (Parodi, 1999; Kritchevsky, 2000) . In light of the potential benefits to long-term human health, there is considerable interest in developing nutritional strategies to enhance milk fat cis-9, trans-11 CLA content. Concentrations of cis-9, trans-11, the major CLA isomer in milk (Sehat et al., 1998) , can be increased by feeding whole oilseeds or by supplementing the diet with plant oils or marine lipids (Griinari and Bauman, 1999; Chilliard et al., 2000 Chilliard et al., , 2001 . Fish oil (FO) is more effective than plant oils for elevating milk fat cis-9, trans-11 CLA content (Offer et al., 1999; Chouinard et al., 2001) , and these increases can be further enhanced when FO is fed in combination with plant oils or oilseeds rich in 18:2 n-6 AbuGhazaleh et al., 2003) . Even though the combined use of marine lipids to modify ruminal biohydrogenation and vegetable oils as a substrate for ruminal trans-11 18:1 formation is an established strategy for increasing milk fat cis-9, trans-11 CLA content, there is considerable variation in the response.
Concentrations of cis-9, trans-11 CLA in milk from diets containing fish meal and extruded soybeans have been reported to increase until d 21 on the diet, but decline thereafter (AbuGhazaleh et al., 2004) . Levels of this CLA isomer in milk were found to decrease after 14 d when FO and extruded soybeans were fed . In earlier studies, milk fat cis-9, trans-11 CLA responses to sunflower oil (SO; Bauman et al., 2000) or soybean oil (Dhiman et al., 2000) were also reported to be transitory and decreased over time. Although the composition of the basal diet is known to be important , it is probable that part of the variation in milk fat cis-9, trans-11 CLA content when high levels of FO and plant oils are fed arises from time-dependent adaptations in ruminal biohydrogenation. To test this hypothesis, the fatty acid composition of milk from cows fed corn silage-based diets containing 0 or 45 g of a mixture (1:2, wt/wt) of FO and SO/kg of DM (FSO) was intensively monitored over a 28-d period.
MATERIALS AND METHODS

Experimental Design, Animals, and Management
Sixteen Holstein-British Friesian cows of mean parity 3.7 ± 0.43, live weight 639 ± 15.6 kg, and 169 ± 6.6 d in lactation were used. Cows were paired on the basis of stage of lactation, milk yield, and live weight and were allocated at random to experimental treatments. Animals were housed in individual tie stalls bedded with sawdust and were offered daily rations as equal meals at 0830 and 1600 h. Cows had continuous access to water and trace-mineralized salt blocks (Baby Red Rockies, Winsford, Cheshire, United Kingdom) and were milked at 0700 and 1600 h.
Experimental Diets
Diets consisted of a TMR based on corn silage (forage:concentrate, 60:40, DM basis) supplemented with 0 (control) or 45 g of a mixture (1:2 wt/wt) of FO and SO/kg of DM (FSO). Oils replaced concentrate ingredients on a proportionate basis, and rations were formulated according to Agricultural and Food Research Council (1993) Ultra-refined herring and mackerel oil (Napro Pharma, AS, Brattvaag, Norway) contained (g/kg): 16:0, 150; cis-9 16:1, 75.8; 16:4 n-1, 20.3; 18:0, 27.8; cis-9 18:1, 70.5; cis-11 18:1, 26.1; 18:2 n-6, 11.3; 18:3 n-3, 7.2; 18:3 n-6, 2.4; 18:4 n-3, 33.9; cis-11 20:1, 14.2; 20:4 n-3, 9.1; 20:4 n-6, 8.2; 20:5 n-3, 159; 22:4 n-3, 9.1; 22:4 n-6, 8.3; 22:5 n-3, 16.9; 22:6 n-3, 113; and total fatty acids, 882. 4 Sunflower oil (KTC Edibles, Ltd., Wednesbury, UK) contained (g/ kg): 16:0, 56.9; 18:0, 29.8; cis-9 18:1, 219; cis-11 18:1, 5.7; 18:2 n-6, 568; 18:3 n-3, 0.6; 22:0, 5.2; and total fatty acids, 892.
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Proprietary mineral and vitamin supplement (Dairy Direct, Bury St. Edmonds, United Kingdom) declared as containing (g/kg): calcium, 270; magnesium, 60; sodium, 40; phosphorus, 40; zinc, 5.0; manganese, 4.0; and copper, 1.5 as well as (in mg/kg) iodine, 500; cobalt, 50; and selenium, 15; and (in IU/g) retinyl acetate, 500; cholecalciferol, 100; and DL-α-tocopheryl acetate, 0.5.
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Premix labeled as containing 500,000 IU of DL-α-tocopheryl acetate/kg (Roche Vitamins Ltd., Welwyn Garden City, United Kingdom). Table 1 . Diets were fed ad libitum as a TMR to avoid selection of dietary components. The control and FSO TMR were prepared at 0730 h on each day of the experiment, and ration mixes were adjusted weekly for changes in component DM content. Ultra-refined herring and mackerel oil (FO; Napro Pharma, AS, Brattvaag, Norway) and SO (KTC Edibles, Ltd., Wednesbury, United Kingdom) were stored in the dark at 4°C until incorporated into daily rations. Oils were mixed with concentrate ingredients in the feed mixer before corn silage was added to optimize oil dispersal. Approximately one-half of the daily control and FSO TMR were stored at 4°C until feeding out at 1630 h.
Measurements, Sample Collection, and Chemical Analysis
Individual animal intakes were recorded daily. Samples of fresh TMR and refused feeds were collected daily during each experimental week and stored at −20°C. At the end of the experiment, feed samples were composited for each experimental week. Samples of corn silage were analyzed for volatile components using accredited and Parliamentary-approved procedures for feedstuff analysis (Statutory Instruments, 1982 , 1985 by a commercial laboratory (Natural Resources Management, Bracknell, United Kingdom). Chemical composition of corn silage and concentrates was determined in oven-dried (60°C) ground samples by the same commercial laboratory. Oven DM content was corrected for volatile losses according to Porter et al. (1984) . Samples of FO and SO for fatty acid determinations were collected at the end of each experimental week and stored at −20°C before analysis.
Milk yields were recorded daily. Samples of milk for the determination of fat, protein, and lactose content were collected from each cow at 0700 and 1600 h on alternate days, starting on d 1 of the experiment. Milk fat, crude protein, and lactose were determined in samples treated with potassium dichromate preservative (1 mg/mL, Lactabs, Thomson and Capper, Runcorn, United Kingdom) using a Milko-Scan 133B analyzer (Foss Electric Ltd., York, United Kingdom). Near infrared detection of milk constituents was calibrated using milk samples for which reference measurements had previously been made using standard procedures (AOAC, 1990) . Estimation of milk CP content by near infrared spectroscopy was based on the assumption that the ratio of true protein:nonprotein nitrogen was constant. Fatty acid composition was determined in untreated samples of milk composited according to yield. Milk samples for fatty acid analysis were stored at −20°C until composited and submitted for fatty acid analysis.
Fatty Acid Analysis
Fatty acid methyl esters (FAME) of lipids in FO and SO were prepared in a one-step extraction-transesterification procedure using chloroform according to Sukhija and Palmquist (1988) ; the one exception was that methanolic sulfuric acid (2%, vol/vol) was used as the methylating reagent and trinonadecanoin (T-165, NuChek Prep, Elysian, MN) dissolved in absolute ethanol as an internal standard (Shingfield et al., 2003) . For milk fatty acid determinations, lipid in 1-mL samples was extracted using 1 mL of ethanol, 2.5 mL of diethylether, and 2.0 mL of hexane (5:4, vol/vol) according to reference procedures (IDF 1C:1987 and IDF 16C:1987 International Dairy Federation, Brussels, Belgium). This procedure was repeated (n = 2) with the exception that 0.5 mL or no ethanol was used during the second and third extractions, respectively. Organic extracts were combined and evaporated to dryness at 60°C under nitrogen for 1 h. Samples were dissolved in hexane and methyl acetate and transesterified to FAME using freshly prepared methanolic sodium methoxide according to Christie (1982) . The mixture was neutralized with oxalic acid (1 g of oxalic acid in 30 mL of diethyl ether), centrifuged, and dried using anhydrous calcium chloride. Milk FAME were dissolved (1:3, vol/vol) in hexane before transferring to gas-chromatography vials.
The FAME were separated and quantitated using a gas chromatograph (3400 CX, Varian Instruments, Walnut Creek, CA) equipped with a flame-ionization detector, automatic injector, split injection port, and a 100-m fused silica capillary column (i.d., 0.25 mm) coated with a 0.2-m film of cyanopropyl polysiloxane (CP-SIL 88, Chrompack 7489, Middelburg, The Netherlands) using hydrogen as the carrier and fuel gas. Total FAME profile in a 2-L sample at a split ratio of 1:50 was determined using a temperature gradient program according to Shingfield et al. (2003) . Following sample injection, column temperature was maintained at 70°C for 1 min, increased at a rate of 5°C/min to 100°C, held at 100°C for 2 min, raised to 175°C at a rate of 10°C/ min, held at 175°C for 34 min, increased at 4°C/min to a final temperature of 225°C that was maintained for 22 min. Peaks were routinely identified by comparison of retention times with authentic FAME standards (GLC #463, special preparation reference standard GLC #606, Nu-Chek Prep Inc.; L-8404, Sigma-Aldrich, Helsinki, Finland) and CRM 164 milk fat reference standard (Community Bureau of Reference, Brussels, Belgium). Identification was confirmed based on electron impact ionization spectra of milk fat FAME obtained by gas chromatography-mass spectrometry (GC-MS) using a gas chromatograph (6890, Hewlett-Packard, Wilmington, DE) equipped with a 100-m CP-SIL 88 column and selective quadrupole mass detector (model 5973N, Agilent Technologies Inc., Wilmington, DE) under an ionization voltage of 400 eV, using helium as the carrier gas. Gas chromatography-mass spectrometry analysis was performed using the same temperature gradient applied during routine determinations of milk fat FAME composition.
Isomers of 18:1, 18:2, and CLA methyl esters were further separated under isothermal conditions; column temperature was maintained at 160°C for 75 min, increased to 240°C at a rate of 25°C/min, and held at this temperature for 10 min using hydrogen as the carrier gas according to Shingfield et al. (2005) . Under these conditions, several reports have indicated that cis and trans 18:1 isomers are not completely resolved. Evidence exists that cis-6, -7, and -8 coelute with trans-13 and -14, cis-10 overlaps with trans-15, and cis-14 and trans-16 are detected as a single peak (Molkentin and Precht, 1995; Kramer et al., 2002; Cruz-Hernandez et al., 2004) . To establish the extent of overlapping of cis and trans 18:1 in the current analysis and confirm the identity of other fatty acids not contained in commercially available standards, selected samples of milk fat FAME from both the control and FSO treatments were converted to 4,4-dimethyloxazoline (DMOX) fatty acid derivatives and analyzed by GC-MS. The DMOX derivatives were prepared from milk fat FAME using 2-amino, 2-methyl-1-propanol (500 L) by heating overnight under a nitrogen atmosphere according to Fay and Richli (1991) with the exception that a temperature of 150°C was used. Gas-liquid chromatography separation of DMOX derivatives was performed using the same equipment, ionization voltage, temperature gradient, and isothermal conditions applied for GC-MS analysis of FAME. The electron impact ionization spectra obtained was used to locate double bonds based on atomic mass unit distances with an interval of 12 atomic mass units between the most intense peaks of clusters of ions containing n and n − 1 carbon atoms being interpreted as cleavage of the double bond between carbon n and n + 1 in the fatty acid moiety. Identification was further validated by comparison with an online reference library of DMOX electron impact ionization spectra (www.lipids.co.uk/infores/masspec.html). Mass spectra of the DMOX derivatives gave little indication of significant overlaps of trans and cis 18:1 isomers with the exception of cis-14 18:1 and trans-16 18:1, which eluted as a single peak (data not presented). After reanalysis using a temperature program (initial column temperature of 120°C increased at a rate of 0.25°C/min; total run time = 600 min) that allowed for baseline separation of cis-14 18:1 and trans-16 18:1 DMOX derivatives, it was evident that trans-16 was the dominant isomer, accounting for proportionately about 0.80 of the total peak area of unresolved cis-14 18:1/trans-16 18:1 in the samples analyzed. A partial gas chromatogram indicating typical separation of 18:1 and 18:2 isomers in milk from cows fed the FSO diet under isothermal conditions is shown in Figure 1 .
Isomers of CLA were identified by comparison of retention times with an authentic standard (O-5632, Sigma-Aldrich) and chemically synthesized trans-9, cis-11 CLA using cis-9, trans-11 as a landmark isomer. Identification was confirmed based on GC-MS analysis of FAME and DMOX derivatives and cross-referencing with milk samples for which the distribution of CLA isomers was determined by sil- (160°C) in milk fat from cows fed corn silage-based diets containing fish oil and sunflower oil. The y-axis represents arbitrary response units. Identification was based on electron impact ionization spectra obtained by gas chromatography-mass spectrometry analysis of fatty acid methyl esters and 4,4-dimethyloxaline derivatives. Peak identification: 1 = unresolved trans-7, cis-9 CLA, trans-8, cis-10 CLA, and cis-9, trans-11 CLA; 2 = trans-9, cis-11 CLA; 3 = 21:0; 4 = trans-10, cis-12 CLA; 5 = unresolved cis-9, cis-11 CLA and trans-11, cis-13 CLA; 6 = isomers of 20:2 (double bond position undetermined); 7 = trans-11, trans-13 CLA; 8 = unresolved trans-7, trans-9 CLA, trans-8, trans-10 CLA, trans-9, trans-11 CLA, and trans-10, trans-12 CLA; 9 = 10, 14 20:2 (double bond geometry undetermined); 10 = 12, 16 20:2 (double bond geometry undetermined).
ver-ion HPLC (Shingfield et al., 2003 . The GC-MS analysis of DMOX derivatives revealed that under the gas chromatography conditions used, the major CLA peak consisted of trans-7, cis-9; trans-8, cis-10; and cis-9, trans-11 (data not presented) . For cows fed comparable diets containing FO and SO, mean concentrations of trans-7, cis-9 CLA and trans-8, cis-10 CLA represent proportionately 0.066 ± 0.019 and 0.013 ± 0.002 of milk fat cis-9, trans-11 CLA content, respectively . Owing to the large number of samples generated in this experiment, it was not possible to separate individual isomers of CLA by silverion HPLC; therefore, the major CLA peak determined by gas chromatography was assumed to reflect changes in the predominant cis-9, trans-11 isomer. A partial gas chromatogram indicating the typical separation of CLA methyl esters obtained under isothermal conditions for milk fat from cows fed the FSO diet is shown in Figure 2 .
Statistical Analysis
Measurements of DMI, milk production, and milk fatty acid composition were analyzed by repeated measures ANOVA for a randomized block design using the MIXED procedure of SAS Inst. means are reported, and significance was declared at P < 0.05.
Relationships among individual milk fatty acids and those between milk fatty acid composition and milk fat content were examined by regression analysis using the REG procedure of SAS. In cases where close linear or quadratic associations were identified between milk fat content and concentrations of a specific fatty acid in milk, the relationship was further explored with an exponential decay model fitted using the Marquart nonlinear algorithm within the NLIN procedure of SAS according to de Veth et al. (2004) .
RESULTS
Nutrient Intake and Animal Performance
Inclusion of FO and SO in the diet decreased (P < 0.05) DMI intake, milk fat yield, milk protein output, and milk fat content, but had no effect (P > 0.05) on milk yield (Table 2) . Reductions in DMI of cows fed the FSO treatment were independent (P > 0.05) of time on diet (Table 2; Figure 3 ). Yields of milk, milk protein, and fat for cows on the control diet remained relatively constant throughout the experiment (Figure 3 ). Compared with the control, the FSO diet resulted in a significant (P < 0.05) reduction in the concentration and output of milk protein and fat (Table 2) . Changes in milk protein yield were unaffected by time on the FSO diet ( Figure 3 ), but milk protein concentrations (g/kg) were found to decrease between d 1 and 7 from 34.4 to 31.0, gradually increasing thereafter, reaching a final concentration of 33.8 g/kg on d 27. Reductions in milk fat content and yield for cows on the FSO diet were 
Milk Fatty Acid Composition
Dietary supplementation with FO and SO in the diet resulted in marked alterations in milk fatty acid composition relative to the control diet, changes that were characterized as a reduction (P < 0.05) in 4:0 to 18:0 content and an increase in trans 18:1, total CLA, C20, and C22 fatty acid concentrations (Table 3) .
For most fatty acids, responses to FO and SO in the diet varied according to time on diet, whereas the fatty acid composition of milk from the control diet remained relatively constant throughout the experiment (Figures  4 and 5) . Temporal changes in the response to FSO treatment were fatty acid dependent. Concentrations of C4 to C14 fatty acids in milk progressively declined with time on the FSO diet, and concentrations of 16:0 decreased within a few days of supplementation and remained low thereafter (Figure 4 ). In contrast, the decreases in 18:0 and cis-9 18:1 in response to FSO treatment were transient, such that levels of these fatty acids were comparable with concentrations in control milk at the end of the experiment (Figure 4 ). The FSO diet also increased (P < 0.001) milk 20:5 n-3 and 22:6 n-3 content, but the level of enrichment started to decline after d 5 (Figure 4) .
Compared with the control, concentrations of trans-4 to trans-15, cis-11, and cis-13 to cis-16 18:1 were higher (P < 0.05), and that of cis-9 and unresolved cis-14 and trans-16 18:1 were lower (P < 0.05), in milk from cows fed the FSO diet (Table 4) . Even though total trans 18:1 content of FSO milk remained relatively constant after d 7 (data not presented), the distribution of individual isomers varied according to time on diet. Initially, most of the trans 18:1 response to FSO in the diet was related to marked increases in trans-11 18:1, but after d 5, the levels of this isomer started to decline, an effect that was associated with concomittant increases in several other trans 18:1 isomers, the most notable being a rapid elevation in trans-10 18:1 content ( Figure 5 ). Temporal changes in response to the FSO diet were not confined to trans-10 18:1 and trans-11 18:1, and levels of other trans 18:1 isomers were also dependent on the duration of feeding ( Figure 5 ). Timerelated variations in unresolved trans-6+7+8 18:1 concentrations were similar to those of trans-9 18:1, and responses of unresolved trans-13+14 and trans-15 18:1 were comparable with those of trans-12 18:1. In marked contrast, concentrations of unresolved cis-14 and trans-16 18:1 were decreased by the FSO diet, but started to increase after d 9, approaching comparable concentrations to the control after d 15 (data not presented). Feeding the FSO diet enhanced (P < 0.05) milk trans 18:2 concentrations (Table 5) ; increases over time to the FSO diet were isomer dependent (data not shown). For the control diet, concentrations of individual CLA isomers in control milk were relatively constant across sampling times, whereas milk fat CLA responses to FSO were isomer dependent and varied according to time on diet ( Figure 5 ). Increases in unresolved trans-7, cis-9 CLA, trans-8, cis-10 CLA, and cis-9, trans-11 CLA accounted for proportionately 0.97 ± 0.010 of the total milk fat CLA response to FO and SO (data not presented). Concentrations of cis-9, trans-11 CLA in milk increased immediately on the FSO diet, reaching the highest levels of enrichment on d 5, but declined thereafter ( Figure 5 ). However, there was considerable variation among individual animals; the maximium milk fat cis-9, trans-11 CLA content for cows fed the FSO diet ranged between 5.34 and 6.76 g/100 g of fatty acids (Figure 6 ). Across all diets and sampling times (n = 224), a close relationship existed between milk cis-9, trans-11 CLA and trans-11 18:1 content [(cis-9, trans-11 CLA) = 0.43 ± 0.043 + 0.35 ± 0.007 (trans-11 18:1); r 2 = 0.916; P < 0.001].
Feeding the FSO diet caused a significant (P < 0.01) reduction in the secretion of total fatty acids in milk because of a substantial decrease (P < 0.01) in the amount of short-and medium-chain fatty acids (C4 to C16) secreted in milk, and the total output of long-chain fatty acids (C18 to C26) was higher (P < 0.05) for the FSO diet compared with the control (Table 6) .
DISCUSSION
Animal Performance
Inclusion of FO and SO in the diet depressed DMI but did not decrease milk yield. Supplementing diets with oils rich in polyunsaturated fatty acids (PUFA) often results in a reduction in nutrient intake and milk production Lock and Shingfield, 2004) . The lower intake on the FSO diet might be related in part to possible negative effects of unsaturated oils in the diet on rumen function (Jenkins, 1993) or to a response to increases in the flow of unsaturated fatty acids at the duodenum. Both FO (Scollan et al., 2001; Shingfield et al., 2003) and SO (Duckett et al., 2002; Sackmann et al., 2003) in the diet increase the flow of biohydrogenation intermediates leaving the rumen. Previous studies have shown that postruminal infusions of unsaturated fatty acids lower DMI in lactating cows (Drackley et al., 1992; Christensen et al., 1994) ; the extent of that reduction is about 2-fold greater when unsaturated fatty acids are nonesterified as opposed to infusion as triacylglycerides (Litherland et al., 2005) .
Decreases in the milk protein content in cows fed the FSO diet are consistent with responses to diets containing FO and 18:2 n-6 rich oilseeds AbuGhazaleh et al., 2002) or fish meal and Refers to corn silage-based diets containing 0 (control) or 45 g of a mixture (1:2, wt/wt) of fish oil and sunflower oil/kg of DM (FSO). extruded soybeans (AbuGhazaleh et al., 2003) . Supplementing diets with oils rich in PUFA generally causes a reduction in milk protein content (Wu and Huber, 1994; Lock and Shingfield, 2004) often been attributed to increases in milk yield rather than decreases in milk protein synthesis (DePeters and Cant, 1992 ). In the current experiment, the FSO diet reduced both milk protein content and output compared Refers to corn silage-based diets containing 0 (control) or 45 g of a mixture (1:2, wt/wt) of fish oil and sunflower oil/kg of DM (FSO). with the control. Energy intake is generally thought to be the major nutritional factor affecting milk protein concentrations (Coulon and Remond, 1991; Lock and Shingfield, 2004) , suggesting that the effects of FO and SO on DMI were largely responsible for the reductions in milk protein content in cows fed the FSO diet. Refers to corn silage-based diets containing 0 (control) or 45 g of a mixture (1:2, wt/wt) of fish oil and sunflower oil/kg of DM (FSO). cis-9, trans-11 CLA (conjugated linoleic acid) contained trans-7, cis-9 CLA and trans-8, cis-10 CLA as minor components. 4 Contribution of cis-9, cis-11 CLA assumed to be negligible . Reductions in milk fat content with the FSO diet are in line with the decreases reported for cows fed fish products (FO or fish meal) and extruded soybeans AbuGhazaleh et al., 2002 AbuGhazaleh et al., , 2004 . Both FO (Scollan et al., 2001; Shingfield et al., 2003) and SO (Duckett et al., 2002; Sackmann et al., 2003) are known to modify ruminal lipid metabolism, leading to changes in the profile of biohydrogenation intermediates leaving the rumen. It is well established that postruminal infusions of trans-10, cis-12 CLA inhibit milk fat synthesis in dairy cows (Baumgard et al., 2000) , and increased formation of this isomer in the rumen has been implicated during dietary induced milk fat depression (MFD; Bauman and Griinari, 2003) .
Evaluation of a number of postruminal infusion studies have shown that large reductions in milk fat secretion occur in response to small doses of trans-10, cis-12 CLA, but increasing the amount of trans-10, cis-12 CLA infused at >6 g/d elicts relatively minor or no further reductions in milk fat secretion (de Veth et al., 2004) . Furthermore, small increases in milk fat trans-10, cis-12 CLA content following postruminal infusions of this isomer are associated with large decreases in milk fat synthesis; therefore, the use of exponential decay models is an appropriate means to assess the relationship between the reduction in milk fat secretion and milk fat trans-10, cis-12 CLA content (de Veth et al., 2004) . Application of the same nonlinear modeling approach indicated that variations in milk trans-10, cis-12 CLA content in the present experiment accounted for proportionately 0.57 of the variation in milk fat content on the FSO diet (Figure 7) . Assuming that the concentration in milk fat reflects mammary trans-10, cis-12 CLA uptake, this association suggests that at least part of the decrease in milk fat secretion in cows fed FSO can be attributed to increased formation of this intermediate in the rumen.
It is becoming increasingly evident that milk fat trans-10, cis-12 CLA concentrations are much lower during dietary-induced MFD than are the levels of this isomer in milk when comparable decreases in milk fat synthesis are induced by postruminal trans-10, cis-12 CLA infusions (Bauman and Griinari, 2003) , suggesting that other biohydrogenation intermediates may also contribute to the reduction in the milk fat secretion. Inclusion of marine lipids in the diet can cause a reduction in milk fat yield with no changes or only relatively minor increases in milk fat trans-10, cis-12 CLA content (Offer et al., 1999 (Offer et al., , 2001 ); more recent studies have shown that FO may reduce the flow of trans-10, cis-12 CLA leaving the rumen (Shingfield et al., 2003) . Under these circumstances, decreases in milk fat content in response to FO (Offer et al., 1999; Loor et al., 2005a) or marine algal oil (Offer et al., 2001 ) are associated with increases in milk fat trans-10 18:1 concentrations that arise from increased ruminal formation of this biohydrogenation intermediate (Shingfield et al., 2003; Loor et al., 2005c ). In the current study, changes in milk fat trans-10 18:1 content accounted for proportionately 0.74 of the variation in milk fat content for the FSO diet (Figure 7 ). However, a close association between these parameters does not imply a cause and effect in this relationship, but simply indicates that changes in ruminal lipid metabolism causing an increase in trans-10 18:1 formation are also conditions in which MFD occurred. Although calcium salts of trans 18:1 fatty acids in the diet have recently been shown to reduce milk fat content and yield (Piperova et al., 2004) , it remains unclear whether trans-10 18:1 is directly involved. Several studies have reported decreases in milk fat content in response to high concentrate diets (Piperova et al., 2002; Peterson et al., 2003) or low forage diets supplemented with PUFA Piperova et al., 2000; Loor et al., 2005b) , responses that are also associated with an increase in milk fat trans-10 18:1 content. One of the major challenges in interpreting these associations is that changes in ruminal biohydrogenation causing a shift toward trans-10 18:1 syn- thesis may also result in the formation of other intermediates that could also be involved in the regulation of mammary lipid metabolism.
Following the observation that postruminal infusions of CLA isomers devoid of trans-10, cis-12 CLA decreased milk fat secretion in dairy cows (Chouinard et al., 1999) , it has often been speculated that other ruminal biohydrogenation intermediates containing a conjugated bond may also have a role in milk fat synthesis (Bauman and Perfield et al., 2004) . In the present study, milk fat concentrations and milk fat yield of cows fed the FSO diet were found to be inversely related with the concentration of several specific fatty acids in milk fat (Table 7) . Of these, the strongest correlation existed between milk fat content and trans-9, cis-11 CLA concentrations (r = −0.808, P < 0.001; Table 7 ). Further evaluation of this association indicated that changes in the concentration of this biohydrogenation Figure 7 . Relationship between milk fat content (g/kg) and concentrations of trans-10, cis-12 conjugated linoleic acid (CLA), trans-10 18:1, and trans-9, cis-11 CLA in milk (g/100 g of fatty acids) from cows fed corn silage-based diets containing 45 g of a mixture (1:2; wt/wt) of fish oil and sunflower oil/kg of DM. Lines fitted represent the following equations: milk fat content (g/kg) = 21.1 ± 2.52 + 23.5 ± 2.47 exp −18.2 ± 5.34(trans-10, cis-12 CLA)] (n = 112; r 2 = 0.57; P < 0.001; Panel A); milk fat content (g/kg) = 24.1 ± 0.54 + 27.8 ± 3.06 exp [−0.78 ± 0.154(trans-10 18:1)] (n = 112; r 2 = 0.74; P < 0.001; Panel B); and milk fat content (g/kg) = 21.5 ± 0.92 + 31.1± 1.69 exp [−15.7 (±2.07)(trans-9, cis-11 CLA)] (n = 112; r 2 = 0.80; P < 0.001; Panel C). Table 7 . Pearson correlation coefficients between fat content (g/kg), fat yield (g/d), and concentrations of specific 18:1 and 18:2 fatty acids in milk (g/100 g of fatty acids) from corn silage-based diets containing fish oil and sunflower oil. Relationships were derived using 112 measurements obtained from 8 animals Signs indicate the effect of the variable on the predictor. *P < 0.05, ** P < 0.01, and ***P < 0.001.
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intermediate could account for proportionately 0.80 of the variation in milk fat content observed for cows fed the FSO diet (Figure 7 ). Although it is not possible from this association to establish whether this isomer is a causative factor contributing to the reduction in milk fat synthesis, it does appear that during MFD induced by diets containing a mixture of FO and SO an increase in milk fat trans-9, cis-11 CLA can be expected.
Milk Saturated Fatty Acids
Milk from the FSO-fed cows contained lower amounts of total short-and medium-chain fatty acids than milk from the control diet, consistent with the changes in milk fatty acid composition when diets containing a combination of extruded soybeans with fish meal (AbuGhazaleh et al., 2002 (AbuGhazaleh et al., , 2004 or FO are fed. Inclusion of unsaturated fatty acids in the diet typically lower short-and medium-chain fatty acid concentrations in milk because of the inhibitory effects of long-chain fatty acids on mammary de novo fatty acid synthesis (Grummer, 1991) . Postruminal infusions of trans-10, cis-12 CLA (Baumgard et al., 2000) or calcium salts of trans 18:1 in the diet (Piperova et al., 2004) are also known to reduce de novo fatty acid synthesis, and it is probable that part of the decrease in endogenous mammary fatty acid synthesis when unsaturated fatty acids are fed is related to increased formation of specific biohydrogenation intermediates in the rumen. Reductions in milk short-and mediumchain fatty acids have also been shown to be greater when lipids rich in 18:2 n-6 are fed compared with supplements predominating in cis-9 18:1 or 18:3 n-3 (Kelly et al., 1998; AbuGhazaleh et al., 2003) .
The reduction in the concentration and output of 18:0 in milk from the FSO diet can be attributed to both the inhibitory effects of FO (Wonsil et al., 1994; Scollan et al., 2001; Shingfield et al., 2003) and 18:2 n-6 from SO (Polan et al., 1964; Harfoot et al., 1973) on the biohydrogenation of C18 unsaturated fatty acids to 18:0 in the rumen. Milk fat 18:0 concentrations rapidly declined on the FSO diet, reaching levels as low as 2.4 g/ 100 g of fatty acids on d 5, before gradually increasing (Figure 4) . The output of this fatty acid in milk was relatively constant after this period (data not presented), indicating that the changes in 18:0 concentrations reflected the lowered contribution of de novo synthesis to total milk fatty acid secretion. It is also notable that the gradual recovery in 18:0 concentrations after d 5 on the FSO diet occurred at the same time when milk fat content and yield declined. There is evidence to suggest that the mammary gland has a stringent requirement for cis-9 18:1 (Loor et al., 2005a) , a large proportion of which is derived from the action of stearoyl-Co A desaturase on 18:0 extracted from circulating blood lipids ). It is conceivable that the changes in milk 18:0 content and milk fat secretion on the FSO diet, reflect an adaptation to an acute reduction in mammary 18:0 supply, such that the marked shortage of 18:0 available for endogenous cis-9 18:1 synthesis in cows fed a mixture of FO and SO initiated a decrease in mammary lipid synthesis to ensure milk fat fluidity in mammary secretory cells and efficient ejection of milk from the gland.
Milk Long-Chain PUFA
Inclusion of FO in the FSO diet enhanced the concentration and secretion of 20:5 n-3 and 22:6 n-3 in milk, increases that were associated with a mean apparent transfer efficiency of 20:5 n-3 and 22:6 n-3 from the diet into milk of 0.020 and 0.018, respectively, estimates that are in agreement with values reported in the literature (Offer et al., 1999; Chilliard et al., 2001; Shingfield et al., 2003) . However, the transfer of long-chain n-3 fatty acids varied according to time on the FSO diet (Figure 8 ), which may account for the higher 20:5 n-3 and 22:6 n-3 transfer efficiencies of 0.09 and 0.16 reported by Cant et al. (1997) . In vitro studies have established that both the type and level of FO modify the extent of 20:5 n-3 and 22:6 n-3 biohydrogenation (Gulati et al., 1999; Dohme et al., 2003) , sources of variation that were not altered in this experiment. Overall, the temporal pattern in the apparent transfer of 20:5 n-3 and 22:6 n-3 on the FSO diet suggests that mammary uptake of these fatty acids declined over the course of the experiment, which may be due a progressive in-crease in the extent of ruminal 20:5 n-3 and 22:6 n-3 metabolism or may reflect a shift in the incorporation of these fatty acids from blood triacylglycerides toward phospholipids.
Milk Trans Fatty Acids and Isomers of CLA
Although trans-7, trans-11, and trans-12 18:1 are substrates for endogenous 18:2 synthesis via ∆ 9 -stearoyl-Co A desaturase Corl et al., 2001 Corl et al., , 2002 Piperova et al., 2002) , the occurrence of trans 18:1, trans 18:2, and isomers of CLA in milk largely reflect the formation of these biohydrogention intermediates during C18 fatty acid metabolism in the rumen. Reduction of trans 18:1 to 18:0 is considered to be the rate-limiting step of biohydrogenation (Griinari and Bauman, 1999) ; high levels of trans 18:1 in milk reflect incomplete metabolism of dietary C18 unsaturated fatty acids in the rumen. The substantial increase in trans 18:1 content of milk from the FSO diet would be expected because of the inhibitory effects of FO on the reduction of trans 18:1 to 18:0 in the rumen (Wonsil et al., 1994; Scollan et al., 2001; Shingfield et al., 2003) and because lipids rich in 18:2 n-6 are substrates for ruminal trans 18:1 synthesis (Kalscheur et al., 1997; Duckett et al., 2002; Sackmann et al., 2003) .
The combined use of marine lipids and plant oils or oilseeds rich in 18:2 n-6 for increasing milk fat cis-9, trans-11 CLA content AbuGhazaleh et al., 2003) relies, for the most part, on manipulation of ruminal biohydrogenation to enhance the supply of trans-11 18:1 available for endogenous conversion in the mammary gland. In the current study, the FSO diet caused a rapid increase in milk fat trans-11 18:1 content, but the response was transient with levels of this isomer starting to decline after d 5. Decreases in milk fat trans-11 18:1 content were associated with progressive increases in trans-10 18:1 concentrations that are indicative of time-dependent changes in biohydrogenation resulting in trans-10 replacing trans-11 as the predominant trans 18:1 leaving the rumen. Shifts in ruminal biohydrogenation toward the formation of trans-10 18:1 account for the progressive decrease in milk fat cis-9, trans-11 CLA content after d 5 on the FSO diet, as endogenous conversion of trans-11 18:1 in the mammary gland is the major source of cis-9, trans-11 CLA Corl et al., 2001 Corl et al., , 2002 Piperova et al., 2002) , and this isomer is quantitatively the most important in milk fat (Sehat et al., 1998; Piperova et al., 2002; Shingfield et al., 2003) . Changes in the predominant biohydrogenation pathways in the rumen also offer an explanation for the decline in milk cis-9, trans-11 CLA content over time on high-concen- trate diets supplemented with SO and TMR containing soybean oil (Dhiman et al., 2000) or FO and extruded soybeans .
Reduction of trans-10, cis-12 CLA produced during 18:2 n-6 metabolism has been considered to be the main source of trans-10 18:1 in the rumen (Griinari and Bauman, 1999; Loor and Herbein, 2001) , but under certain conditions, isomerization of cis-9 18:1 may also contribute (Loor et al., 2002; Mosley et al., 2002; AbuGhazaleh et al., 2005) . Milk fat trans-10, cis-12 CLA concentrations were enhanced by the FSO diet, which could have been expected because of the increased 18:2 n-6 intake (Duckett et al., 2002; Sackmann et al., 2003) , but the increases were time dependent. Temporal changes in milk fat trans-10, cis-12 CLA content were associated with variations in trans-10 18:1 content {[trans-10, cis-12 CLA (mg/100 g of fatty acids)] = 39.3 ± 4.88 + 4.62 ± 0.502 [trans-10 18:1 (g/100 g of fatty acids)] (n = 112, r 2 = 0.444; P < 0.001)}, but a stronger relationship existed between trans-10 18:1 and trans-9, cis-11 CLA concentrations {[trans-9, cis-11 CLA (mg/100 g of fatty acids)] = 33.0 ± 3.02 + 12.4 ± 0.31 [trans-10 C18:1 (g/ 100 g of fatty acids] (n =112, r 2 = 0.938; P < 0.001)}. Unfortunately, there is no evidence in the literature to reconcile these findings. It is possible that the close association between trans-10 18:1 and trans-9, cis-11 CLA is simply an artefact of little or no biological importance, but this seems unlikely given the strength of this relationship. Furthermore, these relationships are entirely consistent with those derived in an earlier study examining the impact of forage type and level of concentrate in the diet on milk fatty acid composition when FO and SO were fed . One plausible explanation is that trans-10 18:1 and trans-9, cis-11 CLA are produced from a common bacterium or group of bacteria that proliferate in the rumen when diets contain FO and SO.
The underlying causal mechanism for changes in biohydrogenation pathways remains unclear, but it is evident that the marked increases in milk fat trans-9, cis-11 CLA, trans-10, cis-12 CLA, and trans-10 18:1 content were an adaptation to FO and SO in the diet. Earlier studies have shown that shifts in ruminal biohydrogenation toward trans-10 18:1 can occur when low-forage diets are supplemented with PUFA Piperova et al., 2000; Peterson et al., 2003; Loor et al., 2004) in response to increased concentrates in the diet (Kucuk et al., 2001; Piperova et al., 2002; Sackmann et al., 2003; Daniel et al., 2004) or by replacing potato starch with a more rapidly degraded source as wheat starch in the diet (Jurjanz et al., 2004) . For diets containing a mixture of FO and SO, levels of trans-10 18:1 in milk are higher for corn silage than for grass silage and are enhanced by increases in the proportion of concentrate in the diet . Often the relative amounts of starch and fiber in the diet have been implicated in inducing changes in the profile of 18:1 intermediates formed in the rumen Griinari and Bauman, 1999; Piperova et al., 2002) . However, changes in the carbohydrate composition of the diet do not explain the temporal changes in the concentrations of individual trans 18:1 isomers in milk on the FSO diet. In this case, it is probable that the alterations are related to selective changes in the relative number and activity of specific bacterial populations induced by feeding high levels of FO and SO, which are rich in PUFA and are known to be toxic to rumen bacteria (Harfoot and Hazlewood, 1988; Jenkins, 1993) .
Supplementing the diet with FO and SO is an effective means of increasing total and cis-9, trans-11 CLA content in milk. Even though cis-9, trans-11 CLA enrichment in milk declined after d 5, the levels at the end of the experiment were >5-fold higher than the control. Earlier studies in cows fed the same basal ration offered in this experiment, but containing 12.0 and 18.0 g/kg of DM of FO and SO resulted in total and cis-9, trans-11 CLA concentrations in milk after 13 d on diet of 3.43 and 3.00 g/100 g of fatty acids, respectively . Corresponding values of 3.41 and 2.88 for milk collected at the same time point on the FSO diet point toward both consistency and predictability in the response, but also indicate that lower amounts of SO than 30 g/kg of DM as fed in this study could be used to attain comparable levels of cis-9, trans-11 CLA enrichment.
Changes in milk fat cis-9, trans-11 CLA with time on the FSO diet are consistent with temporal variations in this milk fat constituent reported in earlier studies AbuGhazaleh et al., 2004) . Concentrations of cis-9, trans-11 CLA in milk from diets containing fish meal and extruded soybeans that supplied 5 g of FO and 20 g of soybean oil/kg of DM were found to reach a maximum of 1.48 g/100 g of fatty acids after 21 d on diet but declined to a relatively constant level of 0.78 g/100 g of fatty acids after d 35 (AbuGhazaleh et al., 2004) . In contrast, temporal changes in milk fat cis-9, trans-11 CLA for high-concentrate diets containing 52 g of SO/kg of DM were found to reach a maximum after 7 to 10 d, but this level of enrichment was transient and declined over a 21-d period. Inclusion of 50 g of rapeseed oil/kg in concentrate supplements to cows fed grass silage was shown to enhance milk fat cis-9, trans-11 CLA content from 0.46 to 1.02 g/100 g of fatty acids, a response that occurred within 7 d, which was maintained for 42 d (Ryhä -nen et al., 2005) . Overall, these findings indicate that both the amount and form of lipid supplement in the diet, as well as the composition of the basal diet, has a marked effect on the changes in milk fat CLA concentrations that can be expected over an extended period of time.
CONCLUSIONS
Inclusion of FO and SO in the diet decreased DMI, milk protein, and milk fat content, but had no effect on milk yield. Decreases in milk fat content to the FSO diet were associated with an increase in the secretion of several biohydrogenation intermediates in milk, including trans-10 18:1, trans-10, cis-12 CLA, and trans-9, cis-11 CLA. Compared with the control, the FSO diet reduced milk fat 4:0 to 18:0 and cis 18:1 content and increased trans 18:1, trans 18:2, CLA, 20:5 n-3, and 22:6 n-3 concentrations. Milk fat cis-9, trans-11 CLA responses to the FSO treatment were extremely rapid, but the levels of enrichment declined after d 5, responses that were associated with concomitant increases in other trans fatty acids, predominantely trans-10 18:1 and decreases in trans-11 18:1 concentrations in milk. The combined use of FO and SO in the diet is an effective strategy for increasing milk fat cis-9, trans-11 CLA content, but the high level of enrichment declines because of time-dependent modifications in biohydrogenation, causing trans-10 to replace trans-11 as the major 18:1 intermediate leaving the rumen. Thus, concentrations of the potentially beneficial fatty acids cis-9, trans-11 CLA and trans-11 18:1 decreased over time, while the levels in milk of other trans 18:1 and trans 18:2 fatty acids of unknown biological efficacy in humans increased. If the mechanisms underlying changes in ruminal lipid metabolism to FO and SO in the diet can be identified and controlled, it could be possible to develop nutritional strategies for long-term production of milk enriched with high levels of cis-9, trans-11 CLA and trans-11 18:1.
